Objectives: Oxidative stress is known to participate in the progression of sepsis. Definite data regarding the behavior of oxidative stress biomarkers in pediatric sepsis is still lacking. This study hypothesized that oxidative stress occurs in pediatric sepsis and that the magnitude of the redox derangement is associated with worse clinical progression. Methods: Forty-two previously healthy pediatric patients with sepsis and a group of control subjects were included. Oxidative stress and inflammatory activity biomarkers were determined in blood samples. Patients were prospectively followed until their discharge or death. Results: Patients with non-severe and severe sepsis showed higher levels of plasmatic antioxidant capacity, lower erythrocyte thiol index, lower superoxide dismutase and catalase activities, higher glutathione peroxidase activity, and higher plasmatic F 2 -isoprostanes concentration than controls. Patients with severe sepsis had higher NF-kappaB activation than those with non-severe sepsis. Although we observed changes in some biomarkers in patients with worse clinical evolution, the explored biomarkers did not correlate with clinical estimators of outcome. Discussion: Oxidative stress occurs in pediatric sepsis, resulting in oxidative damage. The explored biomarkers are not useful as outcome predictors in the studied population. The behavior of these biomarkers still needs to be addressed in broader groups of pediatric patients with sepsis.
Introduction
According to the estimations of the World Health Organization, pediatric sepsis, and septic shock are still important causes of morbidity and mortality worldwide. More than 42 000 cases of sepsis per year are estimated to occur only in the United States, with an associated mortality rate of 10% and high hospitalization costs [1] . Despite decades of improving antibiotic use and a global initiative to optimize timely and appropriate supportive care, mortality caused by sepsis in children is still a major concern, even in developed countries.
Oxidative stress is a phenomenon that participates in the pathogenesis of several diseases. Many pathological processes can induce the production of reactive oxygen species (ROS) and reactive nitrogen species. These compounds can damage cellular structures by oxidizing proteins, lipids, and DNA. There are antioxidant defense mechanisms that can prevent oxidative damage, including enzymatic defense mechanisms such as superoxide dismutase (SOD), catalase and glutathione peroxidase (GSHPx), and non-enzymatic defense mechanisms such as ascorbic acid, alphatocopherol, and reduced glutathione (GSH). The imbalance between pro-oxidant and antioxidant mechanisms, in favor of the former, is known as oxidative stress.
Severe sepsis has been classically understood as an uncontrolled inflammatory process, which is triggered by an infectious insult. Over-activation of nuclear factor-kappa B (NF-κB) has been hypothesized to play a cardinal role in the unrestrained inflammatory response that is seen in this condition [2] . Progressive involvement of different tissues can lead to multiple organ dysfunction syndrome (MODS) . Available evidence in the adult population supports a major role of ROS production in the development of the systemic response occurring in sepsis and septic shock as well as its contribution to the progression toward MODS [3, 4] . There are few studies regarding the occurrence of oxidative stress in pediatric sepsis after the neonatal period, which show conflicting results [5] [6] [7] . Overall, the behavior of oxidative stress biomarkers in pediatric sepsis pathophysiology and the role of oxidative stress as a potential therapeutic target have not been properly addressed. The purpose of this study was to assess the occurrence of oxidative stress in pediatric patients with sepsis. Several biomarkers of oxidative stress are evaluated in patients with sepsis, including enzymatic and non-enzymatic antioxidant defense mechanisms and lipid oxidative damage. Additionally, the relationship between biomarkers of oxidative stress and clinical disease severity indicators is explored.
Materials and methods

Study design and patient selection
This study was conducted in a university-affiliated, tertiary care, medical and surgical pediatric intensive care unit (PICU), at the city of Santiago, Chile, between January 2011 and September 2014. Approval was obtained from the University of Chile Faculty of Medicine ethics committee. Patients were prospectively included if admitted to the PICU with the diagnosis of sepsis, according to international consensus definitions [8] . Informed consent was obtained at admission or as soon as parents or legal guardians were available. Study exclusion criteria were: age under 1 month or over 7 years, chronic illness, systemic inflammatory response syndrome (SIRS) from noninfectious cause (burns, trauma, major surgery, pancreatitis), malnutrition, chronic use of corticosteroid (over 1 month), and hospital length of stay of more than 48 h. Clinical management was conducted by board-certified pediatric intensivists, according to international, goaldirected, sepsis management guidelines [9] . Standard therapy included vasoactive drug support and mechanical ventilation when needed. Antibiotics were chosen according to the suspected infection site and adjusted with bacterial confirmation when available. Use of stress-dose corticosteroids (hydrocortisone 100 mg/m 2 /day) was decided by the attending physician on a case-by-case basis, without plasma cortisol level determination. Hemofiltration was used when needed because of acute renal failure or volume overload, and no high volume hemofiltration was performed. The included patients were prospectively followed until their discharge from the hospital and clinical data was recorded.
Control subjects were otherwise healthy children who were admitted to the hospital for elective surgery (phimosis, umbilical or inguinal hernia, hydrocele, undescended testicle, and benign skin tumors). Absence of acute or any other chronic disease was determined by medical history and physical examination. Informed consent was obtained prior to the admittance to the operating room. Although these are not truly healthy subjects, a genuinely healthy population could not be recruited because of ethical limitations. A total of 49 control subjects were included, in which reference values of the studied oxidative stress biomarkers were determined. From this group, we selected 42 subjects for comparison with the study group, paired by age and gender in a 1:1 fashion.
A blood sample was drawn from control subjects and from patients with sepsis at admission and at day 2 of PICU hospitalization. Plasmatic antioxidant capacity was measured as the ferric reducing ability of plasma (FRAP). Erythrocyte antioxidant mechanisms were measured as the thiol index [GSH to oxidized glutathione (GSSG) ratio; GSH/GSSG], and as SOD, catalase, and GSHPx antioxidant enzyme activity. Lipid oxidative damage in plasma was measured by F 2 -isoprostanes concentration. Inflammatory activity was estimated by NF-κB activation in lympho-monocytes at day 2. Detailed laboratory methodology and statistical analysis are provided as supplemental material (Supplemental material 1).
Results
Oxidative stress biomarkers in control subjects
A total of 49 control subjects were recruited. Biomarkers of enzymatic defense mechanisms, non-enzymatic defense mechanisms, and lipid oxidative damage were determined. No difference was observed when comparing biomarkers values by gender. A weak positive correlation of SOD (r = 0.49; P < 0.001) and a negative correlation of FRAP (r = −0.44; P < 0.01) with age was observed ( Figure 1 ). Demographic characteristics of this group and measured oxidative stress biomarker values are shown in Table 1 .
Oxidative stress biomarkers in sepsis
A total of 42 patients with sepsis were enrolled, along with 42 control subjects, paired by age and gender. Patients with sepsis were classified according to the diagnosis of non-severe sepsis or severe sepsis. Demographic and clinical data of these three groups presented in Table 2 . Patients with non-severe sepsis and severe sepsis had higher levels of FRAP compared to controls at admission (P < 0.01 for non-severe sepsis and P < 0.05 for severe sepsis), while only patients with severe sepsis showed higher levels than controls at day 2 (P < 0.01). Compared to controls, patients with nonsevere and severe sepsis had low erythrocyte thiol index at admission and at day 2 (P < 0.001). In relation to antioxidant enzymes, at both studied days, the SOD activity was lower in both groups of patients with sepsis than in controls (P < 0.001), catalase activity was lower only in patients with severe sepsis than in controls (P < 0.001), and GSHPx activity was higher only in patients with non-severe sepsis than in controls (P < 0.01). Both at admission and at day 2, F 2 -isoprostanes plasmatic levels were higher in the non-severe (P < 0.01) and severe sepsis groups (P < 0.001) than in controls. Comparing of these biomarkers in terms of clinical severity revealed that catalase activity was lower in the severe sepsis group than in the nonsevere sepsis group (P < 0.05), and it was the lone biomarker that showed difference between these two groups. Comparisons of oxidative stress biomarkers between these three groups, at admission and at day 2 are summarized in Table 3 .
In relation to the probability of death, patients with a probability of dying of more than 10% showed a higher FRAP at day 2 (P < 0.05), lower catalase activity at day 1 (P < 0.05), and higher F 2 -isoprostanes plasmatic concentration at day 2 (P < 0.05) than patients with a probability of dying of less than 1%. Patients who required the use of three or more vasoactive drugs also showed higher FRAP values at admission and at day 2 (P < 0.01). These results are depicted in Figure 2 . The remaining assessed biomarkers showed no differences in relation to these classifications (data not shown).
Inflammatory activity
Analysis of NF-κB activation showed no difference between the control group and the sepsis group (data not shown). However, when we classified the patients according to severity, those with the diagnosis of severe sepsis had a higher activation of both p50 and p65 NF-κB subunits at day 2 than patients with non-severe sepsis (Figure 3 ).
Oxidative stress biomarkers as predictors of clinical severity
Correlations between oxidative stress biomarkers and length of PICU stay, length of total hospitalization, duration of invasive ventilatory support, and duration of the disease prior to PICU admission were assessed, and no correlation was observed. Using logistic and ordinal regression, we assessed the association between the studied biomarkers at admission and the clinical outcome in terms of the diagnosis (nonsevere sepsis or severe sepsis) and in PELOD score estimated mortality rate. In addition, a survival analysis was carried out for the association between these biomarkers and length of PICU stay, length of total hospitalization, and duration of invasive ventilatory support.
No association between the studied biomarkers and any of these clinical outcomes was observed.
Discussion
In this study, we show that the occurrence of sepsis in children is associated with changes in pro-oxidant and antioxidant regulatory mechanisms, which results in extracellular lipid oxidative damage. Changes in some of these biomarkers were observed in relation to clinical severity. However, the studied biomarkers could not predict clinical outcome.
As the control group, we studied patients admitted for elective minor surgery. A truly healthy group could not be recruited because of ethical constraints. However, none of these control subjects had a clinically evident acute or chronic systemic disease at the time of the inclusion; hence, we believe that this group is probably representative of healthy pediatric population. We report for the first time an increase in erythrocyte SOD activity and a decrease in plasmatic antioxidant activity at higher ages within the pediatric population. Although this correlation is weak, we studied only children under 7 years of age; thus, the strength of the correlation could be higher if this tendency is maintained during the rest of the pediatric age range. Previously, only a lower erythrocyte SOD activity has been reported in preterm newborns [10] , which could be related to the presence of oxidative stress-related diseases in these patients, such as bronchopulmonary dysplasia. The clinical implications of these findings are yet to be established.
We studied a group of patients with the diagnosis of sepsis and classified them according to severity in nonsevere sepsis and severe sepsis groups. Although the sepsis definition is known for having a low specificity (and consequently is being revisited), it is currently the accepted way to recognize patients with a systemic response to infection. Patients with sepsis had higher levels of plasmatic antioxidant capacity, which is apparently in contradiction with the hypothesis of a prooxidant status in this condition. This is the first time an increase in plasmatic antioxidant capacity is reported in children with sepsis. However, studies in adult population have shown contradictory results. Both lower [11] and higher [12] [13] [14] plasmatic antioxidant capacity have been reported in adult patients with SIRS and sepsis. These contradictory results can be explained by differences in the studied sample (total plasma, deproteinized plasma, or serum) and by the particular laboratory technique, which determines the relative contribution of each plasmatic antioxidant to the total antioxidant capacity [14] . Some authors have attributed the increase in antioxidant capacity to a higher uric acid concentration. However, we corrected the FRAP value with uric acid antioxidant contribution. Moreover, septic patients did not show higher uric acid concentration (data not shown); hence, in our study, this compound was not responsible for the observed differences. Usually, the major components of plasmatic antioxidant capacity, such as ascorbic acid, alpha-tocopherol, and albumin, are diminished in sepsis [15, 16] . It is possible that the increase in plasmatic antioxidant potential could be explained by an increase in the relative contribution of bilirubin (which we did not determine) and of 'unidentified antioxidants' (referring to compounds with antioxidant capacity which are not usually determined), which have been shown to have a higher relative contribution to total antioxidant capacity in adult non-survivor patients with SIRS [12] . In relation to intracellular antioxidant capacity, we observed a lower thiol index in patients with non-severe and severe sepsis. A previous study did not show differences in erythrocyte GSH and GSSG concentrations between patients with sepsis and controls [6] . However, the GSSG/GSH index (the reciprocal of thiol index) has been shown to be higher in whole blood of pediatric patients with septic shock [17] . It is possible that the expected higher ROS production in sepsis results in GSH consumption, but a lower GSH synthesis has also been observed during pediatric sepsis [5] . In our results, the lower concentration of GSH did not correlate with higher GSHPx activity; hence, this finding is probably secondary to non-enzymatic GSH consumption.
In pediatric patients with sepsis, we observed a lower enzymatic activity of SOD and catalase. Previously, a higher tissue SOD activity has been reported in an animal model of sepsis [18] , and a higher plasmatic SOD activity was observed in adult patients with sepsis [19] . These results can be explained by a compensatory response to a pro-oxidant status by genetic transcription mechanisms induced by ROSmediated activation of nuclear factor Nrf2 (nuclear factor erythroid 2 -related factor 2) [20] . In contrast, because of a lack of the nucleus, it would not be possible to observe these compensatory mechanisms in erythrocytes. Additionally, oxidative damage of antioxidant enzymes could contribute to the lower observed enzymatic activities [21] [22] [23] . The previously reported increase in plasmatic SOD could reflect a diminished activity of extracellular SOD [19] , which would further impair tissue antioxidant defenses. Accordingly, the observed increase in red cell GSHPx activity also cannot be explained by transcriptional mechanisms. The only previously described mechanism of nontranscriptional GSHPx activity induction is related to selenium administration [24] , a compound known to be diminished in sepsis [25] . Despite the increment in the measured GSHPx activity, the in vivo enzymatic activity is probably not increased because of the lower levels of erythrocyte GSH and the GSH dependence for GSHPx-mediated hydrogen peroxide (H 2 O 2 ) removal. Overall, pediatric patients with sepsis show impairment in erythrocyte antioxidant defenses. Erythrocytes are the second most important source of GSH after the liver, accounting for a 10% of total body GSH production [26] . Red cell oxidative damage can alter its deformability and cause premature aging and lower oxygen transport capability [27] , which is of vital relevance in the context of septic shock. Additionally, erythrocytes can protect tissues such as the endothelium [28] and lung [29] against oxidative damage. In consequence, weakening of erythrocyte antioxidant defenses could result in tissue oxidative stress. Regarding oxidative damage, our study shows that pediatric patients with sepsis have higher concentrations of plasmatic lipoperoxides than controls. This finding implies that in these patients, the final balance of the previously referred alterations in oxidative defense systems is a pro-oxidant status, which results in oxidative damage.
Catalase was the only oxidative stress biomarker that showed a difference between the non-severe and severe sepsis groups. As previously referred, the lower activity of catalase in severe sepsis could be related to oxidative damage of the enzyme. On the other hand, patients with severe sepsis had higher activation of p50 and p65 subunits of NF-κB. The p50/p65 heterodimer is the most abundant in different tissues [30] , and its activation in sepsis is related to the transcription of the inflammatory response genes. This finding is in concordance to previously reported studies of NF-κB activity in pediatric sepsis [31] , and supports the theory of an exacerbated inflammatory response that contributes to sepsis progression toward MODS. We did not include C-reactive protein in the analysis, because our measurement technique had an upper detection limit of 270 mg/l and most of the studied patients had a C-reactive protein level of over that limit. According to the probability of death (as estimated by PELOD score), patients with more severe disease had also lower erythrocyte catalase activity and higher plasmatic antioxidant capacity, which was also observed in patients requiring more vasoactive drug support. Patients with a higher probability of dying had higher lipid oxidative damage, which supports the idea of oxidative stress as a part of the pathophysiologic events that lead to the progression of sepsis to MODS. However, the observed changes in these biomarkers were not consistent across the different severity estimators. Moreover, these biomarkers were not capable to predict clinical evolution. We believe that this could be related to the shortage of very severe cases of sepsis, which reduced the statistical power. Additionally, we selected a subset of patients who were admitted to the PICU, which theoretically had a worse clinical evolution that motivated this admission. The ability of the studied biomarkers to predict the need for PICU admission among patients with initially mild cases of sepsis still needs to be addressed. We also think that the behavior of these biomarkers should further be explored in cases of sepsis affecting patients with chronic metabolic or nutritional conditions, who may have a diminished capacity to deal with an additional oxidative injury [32] .
Conclusions
In this study, we report changes in oxidative stress biomarkers occurring in pediatric sepsis. Although some of these biomarkers showed changes in relation to clinical severity, they could not predict clinical evolution. In consequence, these findings do not yet support the use of antioxidant reinforcement therapy in this group of patients to prevent clinical progression.
Further studies are needed to properly address the behavior of these biomarkers in pediatric sepsis in broader groups of patients, including those with mild cases of sepsis and with associated diseases.
